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NOTATION

Sound arrival time at the mth microphone measured
relative to the arrival time at the center micro-
phone and corrected for horizontal and vertical
departures of the microphone location from a hori-
zontal cross,

Measured arrival time at the mth microphone,

Functional relation between the arrival times at
microphones 4,5,6,7 and the x coordinate,

Functional relation between the arrival times at
microphones 2,39899 and the y coordinate,

Correction in the arrival time for horlzontal dis=
placement of a microphone,

Correction in the arrival time for vertical dis-
placement of a microphone.

Error in the measured time of arrival for micro-
phone 4,5,6 or 7,

Error in the measured time of arrival for micro-
phone 2,3,8 or 9,

Coefficients of the powers of x in A(X).

Coefficients of the powers of y in A(y).

East

Symbol for the functional representation of a
system of equations used in the error analysis.,

Index of the noise event,

Jacobian of the system of equations used in the
error analysis,

Characteristic velocity in the x and y direction,
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Ky oKy

Approximate characteristic velocity in the x and
y direction.

Counters used in the computer solution to indicate
the numbers of trials :'guireld for convergence

of the solutions

North

Propagation velocity vector,

Magnitude of the propagation velocity vector,
X,Y,z components of propagation vector,

Position vector of the noise source in the x,y,z
system,

Time measured along the trajectory of the vehicle
referenced to the launch time,

Time of the jth noise event measured along the

trajectory of the vehicle referenced to the launch
time,

Travel time of a sound wave from the top of the
jth layer to the center microphone.

Time interval spent by a sound wave in the ith
layer (i < Jj)

Initial estimate of the time difference along the
trajectory between the (j-1)St and jth noise event.

Velocity of sound vector,

Magnitude of velocity of sound vector,
Components of the velocity of sound vector,

Average speed of sound in the jth layer,

Speed of sound in the jth layer calculated from
the sound refraction,

Error in the speed of sound.

Wind vector.
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Horizontal wind components in the x,y; Xg,Z, and
n,e direction, respectively.

Error in the x and y wind components,

Coordinate system defined by the two legs of the
microphone array with origin at the center micro-
phone. z points up.

Coordinates of the jth noise event in the (x,y,z)
system,

Coordinates of the vehicle in the earth fixed
coordinate system of the trajectory, The origin
of this system is at the launch site,
Coordinates of the mth
system,

microphone in the (x,y,z)

z coordinate of the top of the ith layer (i 2 j).

Increments of horizontal range of the sound ray
in the ith layer in the (x,y,z) system.

Direction cosines of the wave front normal
with the x, y and z axes,

3 3 k3 '
The tolerance within which Vj and Vanj

Increment in T,

Elevation angle of the wave front normal at the
center microphone,

Total elagsed time from lift-off to the sound arrival

of the jth noise event at the center microphone,

Azimuth angle of the wave front normal at the center

microphone,

iv

are matched,



Notation for Computer Output:

DWX
DWY
J
KX
KY
TAU

WE

WX

WXL

WZL

ZavG

AW,

AWy

avg

(Tables 1 and 2)




..» INTRODUCTION

ié technique for measuring winds using the Saturn
exhaust noisglhas been successfully employed to determine the
wind profile over Cape Kennedy from ground to 85 kilometers,
The technique is an extension of the Rocket=Grenade Experiment,
utilizing as its sound source, rather than the grenade, the
acoustic noise of the Saturn rocket exhaust,

In the Rocket.Grenade Experiment discreet sound events
occur at accurately known positions, and the times and angles
of arrival of these events at a ground microphone array are
used to determine the atmospheric temperature and windsl,

The use of the rocket exhaust to provide the noise events leads
to a substantial difference between the two methods, The
purpose of this repoé% is to describe the technigque and to
present the wind profile determined during the flight of the
Saturn SA=9. The method of data reduction is described and a

preliminary error analysis 1s presented,_



LI, BACKGROUND
The Rocket-Grenade Experiment is described in the

"iterature2+3 and the meteorological results of its extensive
application form the basis for a large part of man's knowledge
of the atmosphere between 30 and 85 kilometers. The grenade
technique is based on the dependence of the velocity of sound
in a gaseous medium on the gas temperature and mass motion,
By measuring the time required for a sound event to traverse
from its source of known position to a microphone array on the
ground and measuring its angle of arrival, the average tempera=-
ture and wind between adjacent grenade detonations can be deter-
mined,

When rocket exhaust noise is used, because of its con=-
tinuous nature, the time and location of a given noise event
is not known, except that it occured along the trajectory, 1If,
however, the temperature is determined independently, then the
arrival angles of each of the many noise events that characterize
the exhaust can be used to determine winds, A ground based
array of microphones intercepts the acoustic wave front of a
noise event and the time of arrival at individual microphones.
is used to calculate arrival angle, The noise event is traced
back by an iterative process until it correctly intercepts the
trajectory. Each noise event so traced leads to a wind data
point, giving rise to a wind profile in a stratifiéd atmosphere
with the average wind in each layer between selected noise events,

The assumptions made for the approach described here are:

1) The vertical component of wind is negligible compared

with the local speed of sound,




2) The source of sound is considered to be a point located
at the nozzle of the engine or a known distance behind along
zhe flight path, The sound wave is approximated by a plane
wave at a large distance from the source.

3) The atmosphere remains in a steady state for the dura-

tion of the measurement,



I{I., THE EXPERIMENT
3.1 The Measurement
A cross shaped array of nine microphones was

set up on the southeast point of Cape Kennedy to monitor the
SA=9 flight. A minimum of three microphones are necessary to
determine the arrival angle of the sound; the additional micro-
phones provide a method of improving accuracy and afford
redundancy. As shown in the error analysis, the proper use of
the additional microphones eliminates first order sphericity
errors from the plane wave analysis,

The size of the microphone array shown in Fig., 1 is about
1200 meters on each crossed axis, The size is based on consi-
deration of the accuracy with which arrival times can be measured
and on errors introduced by the second order sphericity term
which increases with array size, The microphones are located
in heavily vegetated locations to minimize local wind noise,
At each microphone location, a concrete box is sunk so that its
top surface is level with the surface of the ground, These
boxes contain the microphones and serve as permanent survey
markers, A survey was performed which defined the local geodetic
network position of each microphone location to within 6 inches.

The microphones are hot wire, single chamber Helmholtz
resonators tuned to about 4 cycles/sec., This low frequency
characteristic is particularly well suited to extremely far
field measurements since the atmosphere tends to be a low pass
filter over long distances. The microphones and their ampli-

fiers were designed at Texas Western College for use in the
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Rocket-Grenade Experiment4c

Fig, 2 is a block diagram of the sound ranging system,
The electronic and recording equipment are housed in a van
located near microphone 4., Although a location near microphone
#1 would require about 2 1/2 miles less microphone cable, it
was considered desirable to keep the van removed from the array
to reduce the possibility of reflective interference,

The microphone outputs are recorded from before launch
until 10 minutes after loss of signal, On the SA-9 flight,
the microphones were located about 10 km from the launch pad,
The exhaust noise was audible to the microphones from launch
to more than 100 km siant range, A manually operated variable
attenuator was used to maintain a proper signal level into the
recording system, Fig, 3 1s a 2-second record made at about
55 seconds after launch. The correlation of the microphone
outputs is shown.

3,2 Theory

In the absence of local interference, the acous-

tical wave fionrt of a noise event appears essentially identical
to microphones at separated locations, If identical microphones
are used, the output wave iz of one microphone matches that of
another - shifted in time. This time shift is a function of
the sound arrival angle,; the local speed of sound; and the
microphone placement, The arrival angle can be calculated
by measuring the time interval and the local speed of sound,

After the angle of arrival of a noise event is determined,
the sound is ray traced backwards towards the source, The first

6
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noise events are ray traced through layers of known temperature
and wind. Eventually an interval is reached between the top of
the last layer of known wind and the source of sound, At this
point, conventional ray tracing procedures must be abandoned
since the wind is unknown; however, two independent require-
ments are available.

1) The sound ray must intersect the trajectory.

2) Any intersection chosen will yield a wind value, The
correct intersection point must satisfy the criterion
that the time of arrival of the noise event measured
from launch equals the time of flight to the intersec-
tion plus the time required for the sound to travel
from the intersection to the array.

These two conditions uniquely determine the coordinates of the

source along the trajectory and the average wind in the interval,




IV. DATA ANALYSIS

The first step in data reduction is the cross corre-
lation of the microphone output wave forms in order to determine
the arrival times. In the analysis of the SA~9 data, this cross
correlation was done manually using the method described below.

1) A group of at least ten successive waves is selected
from the output of microphone 1.

2) This group of waves is identified on every other
channel, The identification is made by comparison of
wave shapes and periods,

3) The wave form with the sharpest peak is chosen from
this group and its time of occurrance on each micro-
phone is recorded.,

After the arrival times are read, the arrival angles are
written in terms of characteristic velocities along each axis,
Ky and Ky. The characterisitc velocities Kx and Ky are defined
as the velocities of the intersection of the wave front with
the x and y axes respectively,

In terms of characteristic velocities, the elevation and
azimuth angles of the normal to the wave front are

e 2 2,1/2
Vo [Ky™ + Ky®)

6 = cos~1 (1)
Kx Ky - Ry Wyg - Ky Wy
K
¢ = tan~1 ﬁﬁ (2)
Y

where Vo is the velocity of sound and Wy, Wy, are the x and y
components of the wind at the ground,
Along each axis the arrival times at 5 microphones are

measured, In the calculation of Ky and K, all times are measured

Y
10




with respect to microphone No. 1, reducing this to 4 non-zero
arrival times, Only one of the 4 times is necessary to define
the characteristic velocity for an axis, but errors can be
reduced by averaging or by writing the arrival times as a
function of the distance along the axis,

4

A(x) = ax + bx?Z + cx3 + dx (3a)

A(y) = a'y + b'yc + c'y3 + d'y4 (3b)
Any polynomial of 4th degree or less can be used. The
coefficients are computed by imposing a "least square error"
restriction,
The nine microphones do not lie exactly on the two legs
of a horizontal cross., Corrections in the sound arrival times
due to their displacements in the horizontal and vertical direc-

tions have been derived by Otterman?,

For horizontal correction ' .
. (A7 = Ay)

Xn _ (4a)
$2hy, = KT m R xg

(m=2,3,8,9)

Y, (A3 = A9

Y 43
(m = 4,5,6,7)
For vertical correction:
%n

GAzm = Pz -\;2- (5)

(m = 2'3 esesscce 9)

11



The corrected time for the mth microphone, A referenced
to microphone #1 is:
-— ] - - -
Ap = A" éAhm 6Bz = Ay (6)

(m = 2'3 560006386 9)

The characteristic velocities Kx and Ky are defined as follows:

K, = (2&%) = 1l/a (7)
x = 57

Ky = (&) = L/ (8)
o

Milne® has shown that the wave front normal of the ray
reaching the microphones remains parallel to the same vertical
plane throughout its propagation, For a plane wave then, the
characteristic velocities of a specific sound ray are constant,
Since the temperature and wind are treated as constant in any
layer, the segment of the sound ray in that layer can be approxi-
mated by a straight line, The wave front,; assumed plane, is
refracted at each layer interface in a way analogous to the
refraction of light waves., This refraction is due to a change
in the magnitude of ve;ocity of sound between layers, Further
refraction occurs if wind direction and magnitude are not
identical across layer boundaries.,

Before the wind can be computed in any layer (jth) the
sound is ray traced through the previous layers where the wind
has been found. The equations used for this ray tracing have
been derived by Otterman for the Grenade Experimentso The

components of the sound velocity of the jtP noise event in any

12




previous layer(ith)are in terms of known quantities

V2
v _ avgi
Xi K
xc
Kxj had Wxi hd Wyi R#
J
2
v vavgi
Yi - Ky
Kyj - Wy, - wxi g;?
( 2 2 )
P = (V v -V
z; avgy Xy Y
The time spent in the ith layer is
. - 2.
23
And the distance traveled is
By; = Bt; (Wy + Vyi)

The total time and distance through the(j-lf*'layer is then

=1
I At
k=1 k

j-1
I AX
k=1

j-1
I Ay
k=1 ¥

13

(9a)

(9b)

(9¢c)

(10)

(1lla)

(11b)

(12)
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Next to determine wind$ in the last layer:
The rocket position versus time function is obtained from

the trajectory:

Y, = Y, (T) (13)
Zy = Z,(T)

where T represents flight time or time of emittance of a noise
event measured from lift-off, The coordinates X;,Y,,%Z,, are

then transformed to (x,y,z), the coordinate system at the center of
the microphone array. From the geometry of Fig, 4, the following
time and velocity equations are apparent,

Time Relationships for jth Noise Event

T =T+ t (14)
j=1
t= L aAt, + At, (15)
k=1 K J
where At; = the increment of time in the unknown layer,

J
t = total travel time of the sound from (xj, Yj' zj) to

the array,

Velocity relationships:

j=1 j=1

[(x5 = 1z Axk)2 + (yy - ¢ Ayk)2 + (z, - Z-_l)zll/2
k=1 k=1 ] ]
P = (16)
Atj
Zs = Za_
At.
]
i=-1
X. = z AX
P = J k=l k
X Atj (17b)

14
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Y. = z Ayk
J =
P = k=1 (l7¢c)
Yy ot
J
where P = magnitude of propagation velocity vector of the sound
rays

and Py, Py, P, are components of P in the x, y, z directions,
respectively,
The propagation velocity is the total velocity of the
wave front traveling along the straight line path from (xj,yj,zj)
to
j=-1 j=1
kel R ly PR Fi-L
It is composed of the velocity of sound and the wind and is,

therefore, not in general normal to the wave front, Thus,

equations 17a, 17b, and 1l7c can be written as:

Pz =V, (18a)
Py = Vx + Wy (18b)
Py = vy + wy (18¢c)

Wy o Wy are the components of wind in the layer under investi-
gation for x and y directions; respectively, (W, is neglected).,
Vo Vyp V, are the velocity of sound components in the layer

under investigation for the x, y and z directions, respectively.

For the unknown, but constant wind field in the layer between

j-1 j-1
(Xsp ¥ip 23) andl I Axyx, I Ay,, z._,J)there can be only one
37730 k=1 k=1 X7 3=l

ray path from the trajectory that will satisfy the equations (14)
through (18) and the condition thaf characteristic velocities
are constant for a given ray. Otterman® has derived the follow=
ing expressions for Vyx and Vys These equations exemplify this

16




directional dependence of V in any layer on the measured

ciaracteristic velocities at the array,

\ sz
x - Rx (19a)
Ky = Py = Py =
y
v,?
Vy = = (19b)
Ky = Py = Py Rﬁ'

The magnitude of the velocity of sound can be found from:

_ 2 2 2,1/2
V' = (Vx + Vy + Vv, )

From these eight equations (13) through (20), position

(20)

(xj, Yj' zj, Tj) and an average wind can be determined for the
layer under investigation., These equations are solved by the
procedure outlined below,

A sound is heard at the time, 1, from lift-off at the
microphone array. Characteristic velocities K, and Ky are
determined and the ray is retraced to the top of the level of
known temperature and wind. This point of intersection is

1 -

(j;l A j; A z )
X ’ y ’ 2 - -]
k=1 ' k=1 K’ "3-1

j=1
LAty is determined during the ray tracing calculation,
k=1
Next:
l) A reasonable value for Tj based upon the velocity of

sound and winds in lower layers is selected. This

determines coordinates X4 yj, zy4 along the trajectory.

17



2)

3)

4)

5)

t and Aty are determined using equations (l4) and
(15) »

Using Atj and the position coordinates chosen, P
Py, and Py are determined from equation (17).,

z?

These in turn are used in equation (19) to obtain Vy
and Vy°
From equation (20) the magnitude of the velocity of

sound is calculated and compared with the known velocity
of sound for that layer. If these values agree, the
selected Tj defines the true position of sound emittance.
If they do not agree, an iteration process is carried

out, until agreement is achieved within error limita~

tions,

With the correct value for Py, Pys Vxs and V, the horizon=-

Y

tal wind components can then be found from equations (18b) and

(180)6

18




Vs, COMPUTER SOLUTION

The solution for winds has been programmed for the
IBM 7090 computer., Figure 5 shows the flow diagram for the wind
solution,

The speed of sound profile is obtained from radiosonde
and rocketsonde data, and above the altitude of these measure-
ments, from "standard atmosphere" values, For the computer
input the profile is piecewise linearized using 22 straight
line segments,

The vehicle position data is entered at intervals of 0,5
seconds, Linear interpolation between these intervals agrees
~within 1 meter of the position determined from Lagrangeds formula
or Aitkin's method of iterative linear interpolation even at
the highest vehicle speeds,

To insure convergence of the iterative process, € (the
:
J
in T)must be compatible (Fig, 6)., Counter parameters L and M

. value within which V. and Vavgj are matched) and <, (increment

assure that the solution has converged and indicate the direc-
tion of modification of the initial assumption of $T,
The relation between €, and €y is found as follows:

For the jth noise eveqti
J-
X. = z Axk

Py = oS (21a)

T - I At, =T
k=1 K
j-1
L Ay
k=1 K (21b)
T
1

P = X—j—:-
J -
T = I

k

Atk - 7T

19



READ SPEED OF
SOUND PROFILE
vz} vs.2

K=
2,0

L=M=0

T A1, =0
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I Axy 0
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and

Now

To simplify the computations it is assumed that the velocity

= J - J-1
P, 1
T = I aAt, =T
k=1 K
-1 ( j;l t T) d
Xy = L A%y, + (T = ALy = X
dPx - ] =1 k k=1
aT 3= 2
(v = = ot - T)
k=1
2 ST S T) 4
Y49 = T A +.7T = ALy =
ol _ ] J(-]_yk k=1 E%
HTX = T -
(r - ¢ Atk - T)
k=1
j=1
zi =2, .+ (v = I At - T) dz
sz _ J j-l k=1
dT =1 5
(1 - I Atk - T)
k=1

(21c)

(22a)

(22Db)

(22¢)

of sound in the upper layer is constant and wind is sufficiently

small so that the approximation P, = V_ and P, = V_ is justified.
X X Y Y
So
ap dap ar 1/2
av, . (dp; _ X, 2 2 z, 2
37! = Il = U@ T D} (23)
e, = 1%; e, (24)
Taking the case of j = 27 as an example,
T = 310.0 sec, %% = 1041,46 m/s

22




j=1

d
L At, =182,4245 sec, = 422,09 m/s
k=1 ¥ H% . '
T = 120,8481 sec, g% = 1118,31 m/s
X5 = 21878.1 m. Yy = 16940,9 m, zy = 49280.,7 m,
j=1 j=-1
I Ax, = 21147.4 I Ay = 164526 zZ, = 47423,4 m,
k=1 ® =1 i-1

these values give

€, = 280 ¢,

Based on an evaluation of overall system parameters, a
criterion of 0,2 meters/secs has been established as the value

for €] and equation (25) is used to determine the appropriate

tolerance for €26
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VI, THE WIND PROFILE

Figures 7 and 8 graph the wind profile determined
during the flight of the SA-9, Also plotted are the rocket-
sonde and rawinsonde measurements taken near the time of the
SA-9 flight, The agreement between the methods is consistent
with the results of the error analysis,

Table 1 lists the input quantities in the first four

columns., The time and coordinates of the trajectory to which

the solutions converged are listed under T. (Range Zero = 14,37:0032)

J

X5 yj, and zjo The remaining columns list the wind values in
three coordinate systems: (1) the system of the microphone array
(2) the system of the trajectory, and (3) the North=South, East-
West system. The data points were computed at intervals of 10

seconds 1,
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VII., ERROR ANALYSIS
Four sources of errors are considered in this analysis.
1) Error in the measurement of sound arrival times
at each microphone, This introduces error in the
derived value of characteristic velocity Ky, Ky‘
2) Error in the speed of 